ABSTRACT
INTRODUCTION

60
The planning and execution of movements implies a considerable computational load by the modular organization also for walking in chronic stroke patients (on average 57 months post stroke). In 82 that study (Clark et al. 2010 ), the walking of stroke patients, which was investigated from 8 muscles of 83 Motor modules and activation signals in subacute stroke 4 the lower limb, could be represented by a number of motor modules in the range 2-4, depending on the 84 patient, whereas the dimensionality for healthy controls was usually 4. These authors also showed that 85 the lower dimensionality observed in some of the patients could be explained by two or more motor 86 modules being merged in a single module.
87
The first aim of the present study was to investigate whether locomotion in stroke patients can 88 be described by a small number of motor modules, with the analysis of a larger number of muscles and 89 for patients less distant from the stroke event (<=20 weeks; subacute stroke) than in previous work 90 (Clark et al. 2010 ) and if the motor modules correspond to those in healthy controls. The second aim 91 was to investigate if the activation signals in subacute stroke patients are impulses distributed along the 92 gait cycle, as it has been observed in healthy subjects (Ivanenko et al. 2004) , and therefore if the 93 impulsive control of gait, which seems a characteristics of gait invariant across conditions and tasks in 94 healthy humans (Ivanenko et al. 2004 (Ivanenko et al. , 2006 , is maintained in subacute stroke patients. 
METHODS
97
Subjects
98
Ten stroke patients (two females and eight males; age, 45.9 ± 16.5 yrs; body mass, 77.3 ± 15.4 99 kg; stature, 174.4 ± 6.2 cm; time since the event, 12 ± 5 weeks, Table 1 ) and 10 healthy controls (three 100 females and seven males; age, 42.4 ± 14.5yrs; body mass 75.5 ± 12.6 kg; stature 175.1± 7.5 cm) 101 volunteered in the study. The characteristics of the patients are described in Table 1 . The lesions were 102 located by CT or MRI-scans. All subjects gave written informed consent to participate in the study. The 
Kinematics
107
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The kinematics of locomotion was acquired by means of a VICON stereophotogrammetry 108 system (Vicon Motus, Vicon Motions Systems, Centennial, CO), capturing frames at 100 samples/s.
109
Four markers were located on each foot at the ankle, toe, and heel (the Plug-in-gait, Vicon Motion 110 Systems Ltd., Oxford, UK), and at the base of the big toe.
111
Foot kinematics was used to separate strides during walking trials. A stride was identified as the 112 period between two heel strikes on the same side. The stride starting and ending samples were marked 113 on a timeline; stride duration, cadence and speed were computed using a VICON built-in algorithm for 114 the extraction of stride parameters. Kinematics and EMG recordings were synchronized offline.
115
EMG
116
Surface EMG signals were recorded in bipolar derivation with pairs of Ag/AgCl electrodes according to the SENIAM recommendations (Hermens et al. 1999 ) for all muscles, except for RA and 128 SPL (not described by SENIAM) that were analyzed following the recommendations of Ng et al.
129
(1998) and Joines et al. (2006) .
130
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Experimental procedure
131
At the beginning of each experiment, the EMG electrodes and the markers for the kinematic 132 analysis were mounted on the subject. The patients and control subjects were asked to perform a 6-m 133 long walk without constrains, in a straight path. Each patient was asked to walk at a comfortable speed 134 whereas, because motor modules may be influenced by speed (Ivanenko et al. 2004 ), the healthy 135 controls were asked to walk at slow speed for comparison with the stroke patients. Each walking test 136 was repeated 5 times by both patients and control subjects, separated by 5-10 min of rest, during which 137 the subjects were seated. These resting periods were introduced to prevent fatigue in the stroke patients.
138
The trials of healthy controls were analyzed offline and those with speed exceeding twice the standard 139 deviation (SD) of the speed of the stroke patient group were excluded from the analysis in order to 140 match the walking speeds.
141
Model of motor modules
142
The EMG signals recorded from M muscles can be expressed as:
where x m (k) is the activity of the mth muscle at the time instant k. 145 The electrical activation of each muscle depends on the summation of the contributions from X(k) and P(k) is described as follows: individual (left and right for control subjects, paretic and non paretic side for stroke patients), after 167 signal concatenation (Clark et al. 2010) . In order to avoid confounding effects due to acceleration and 168 deceleration, the first and last two gait cycles were removed from the dataset. On average each subject 169 performed 30 complete gait cycles.
170
The NMF algorithm was applied to extract the matrix S of motor modules and the activation For comparison with a previous study (Clark et al. 2010 ), the analysis was repeated on a subset 218 of 7 muscles of the lower limb (TA, GA, SOL, VL, RF, BF, GM), which are functionally matched to 
RESULTS
227
Stride cadence and speed
228
The two groups were not different for stride cadence and speed (control subjects cadence: 73.5 229 ± 37.5 step/min; speed: 2.15 ± 0.6 km/h; stroke patients cadence: 74.8 ± 20.51 step/min, speed: 1.9 ± 230 0.9 km/h) (controls: P = 0.67, patients: P = 0.61). The toe off event occurred at 62.9±3.0% of the gait 231 cycle for healthy controls, and at 63.7±4.9% (P= 0.34) and 64.0±2.9% (P=0.08) for affected and 232 unaffected side of stroke patients, respectively. The speed and cadence for the selected trials of healthy 233 controls were comparable with those of stroke patients (P = 0.31).
234
Motor modules
235
From the analysis of dimensionality, the accuracy in reconstruction of the muscular patterns
236
(average over all subjects in each group) was >80% with 4 modules in both the controls (80.6±2.9%) 237 and stroke patients, for the affected (81.5±3.1%%) and unaffected side (80.7±3%) (see Fig.1 ). The 238 accuracy in reconstruction of structureless data resulted in significantly lower values (27.8±3.6% for 239 control group, 25.4±3.5% for stroke patients unaffected side and 26.0±4.6% for stroke patients affected 240 side, respectively). This result indicates that walking can be expressed by a small number of motor 241 modules for healthy subjects as well as subacute stroke patients.
In the healthy subjects the modules extracted from the left and right side had similarity of 243 0.79±0.11 (average similarity over 10 subjects using 4 modules). Accordingly, when using the modules The motor modules extracted from different subjects in the control group had mean similarity of 249 0.67 ± 0.07, which was significantly greater than the level of similarity between modules extracted 250 from structureless data (0.49±0.09) (P<0.05). Moreover, the modules extracted from individual subjects 251 in the control group presented a similarity of 0.75 ± 0.06 with respect to the modules extracted from the 252 entire dataset of healthy subjects. Therefore, for the walking speed investigated, similar motor modules 253 are used by different healthy individuals during walking ( Fig. 2A) .
254
In healthy subjects, walking was characterized by the simultaneous activation of GA and SOL, 255 alternated to the activation of the TA and VL (and RF), as represented in the motor modules 2 and 3, 256 respectively ( Fig. 2A) . The RF was represented in the motor module 3, whereas the BF muscle was 257 mainly represented in the motor module 4 (Fig. 2A) . Trunk and upper limb muscles showed a high 258 variability among different subjects, presumably due to a lower signal-to-noise ratio of the EMG of 
261
In the stroke patients, the mean similarity of motor modules extracted from the two sides 262 (affected and unaffected) was lower (0.58 ± 0.18) than the similarity between sides observed among the 263 healthy individuals (P < 0.05). However, the similarity of motor modules among different stroke 264 patients was comparable with that observed in the control subjects (mean similarity: 0.68 ± 0.07 for affected, 0.63 ± 0.06 for unaffected side) and higher than the similarity among modules extracted from 266 structureless data generated from the two datasets (0.5±0.09 for unaffected and 0.49±0.1 for unaffected 267 side, respectively). For a direct comparison, the modules extracted from stroke patients were compared 268 with those extracted from the healthy individuals (mean similarity: unaffected side vs controls 269 0.65±0.09, affected side vs controls 0.59±0.1, P>0.05).
270
The motor modules of the unaffected side of stroke patients showed activation of the BF and 271 GM (module 3) concomitant with VL and RF, differently from healthy controls (Fig. 2B,C) . The as seen in motor module 2, whereas the TA was alternatively active in module 3, as in healthy controls 274 (Fig. 2) .
275
Finally, for comparison with previous results on a smaller set of muscles (Clark et al. 2010 ), the 276 procedure of extraction of motor modules was also performed on the lower limb muscles only (7 277 muscles per body side). The reconstruction quality of the signals from the 7 muscles was not sufficient 278 to meet the criteria adopted when using only 2 (VAF = 42.3%) or 3 (VAF = 68.0%) modules. Thus, it 279 was necessary to use 4 modules also for describing the activity of the 7 muscles. With 4 modules, the 280 variation accounted for in the case of 7 muscles was 89.4±3.6% for the control group and 87.9±4.5% 281 for the patients affected side, and 86.5±4.6% for the patients, unaffected side. Three of the 4 motor 282 modules extracted from the subset of 7 lower limb muscles were similar between stroke patients and 283 healthy controls ( Fig. 2 ; similarity in the range 0.76-0.89 for the first three modules), however the 284 fourth module was very different between groups (similarity between healthy controls and patients 285 unaffected side, 0.32, and between healthy controls and patients affected side, 0.28). Therefore, even 286 reducing the muscle set, it was not possible to reduce dimensionality to less than 4 for the patient group 287 analysed in this study and the motor modules (at least one of them) differed from healthy controls.
288
13
The above observations on similarities between motor modules, indicate that the motor modules 289 extracted from stroke patients differed from those obtained from healthy controls. However, this may 290 also be a consequence of the extraction method. To further investigate the possibility of existence of 291 the same motor modules in stroke patients and healthy subjects, we fixed the matrix of motor modules 292 obtained from healthy individuals and used it to reconstruct the muscular activation pattern of stroke 293 patients, as described in the following. 
Description of the muscular activation patterns with the modules of healthy subjects
298
The matrix of motor modules of the healthy subject group was used to reconstruct the muscular Therefore, the activation signals of stroke patients did not show greater inter-subject variability when 319 compared to the controls. Moreover, as can be seen in Fig. 3 , the activation signals were very similar 320 between groups (correlation, control vs patients affected: 0.76 ± 0.09; control vs patients unaffected: 321 0.77 ± 0.09). Therefore, despite the different motor modules in the two groups (Fig. 2) , the activation 322 signals were maintained in the stroke patients (Fig. 3) . The activation signals in the two groups were characterized by an impulsive pattern. The first 327 impulse had the peak associated to the heel strike (HS) phase, the second occurred immediately before 
Dimensionality
356
The number of modules required to describe the muscular activation pattern during walking was 
375
Comparison between motor modules
376
In the healthy subjects, similar motor modules were observed between sides and among 377 individuals. This conclusion was substantiated by both the computation of the degree of similarity The presence of a specific timing structure above a pattern shaping structure was already 
431
It is interesting to note that the characteristic bursts of activation during the gait cycle were 432 maintained in subacute stroke patients, with the same variability as in controls (Fig. 3) In conclusion, although the muscular patterns of subacute stroke patients are highly variable, the 449 patients investigated in this study showed a modular control of walking with low dimensionality.
450
However, the motor modules were different between the two sides and with respect to those found in 451 healthy controls. Moreover, the patients showed activation signals similar to those of healthy controls
452
Motor modules and activation signals in subacute stroke 20 in both the unaffected and affected side and presented a control of locomotion based on bursts during 453 specific times of the gait cycle, characteristic of healthy subjects. These results substantiate the 454 evidence of modular organization of walking in healthy subjects and in subacute stroke patients.
455
Moreover, the results indicate that the motor pattern in subacute stroke patients may be explained by 456 similar activation signals as in healthy individuals, which however acts on different motor modules.
457
The origin of these activation signals, largely invariant across conditions, is consistent with a neuronal 
